Cadmium sorption by ferrihydrite in the presence of phthalic acid was examined over a range of pH (4.0 , 8.5) conditions and sorbate/sorbent ratios. The presence of phthalic acid enhanced Cd 2 + sorption by forming ternary complexes on ferrihydrite surface, especially at low pH, but for high pH and high total organic ligand/Fe(mmol/mol) ratios, it decreased Cd 2 + sorption onto ferrihydrite by forming soluble complexes with the phthalate in solution. In binary systems, Cd 2 + and phthalic acid sorption by ferrihydrite was well reproduced using the diffuse layer model with sorption constants derived from the experimental data. Prediction using the optimised binary sorption constants for Cd 2 + sorption onto ferrihydrite in the presence of phthalic was poor and achieving a good fit required the inclusion of two additional ternary complexes.
INTRODUCTION
Mineral particles (such as iron oxides) can play an important role in controlling the fate and transport of toxic trace metals (Xu et al. 2006 ) because of their active surfaces. Ferrihydrite is considered to be a dominant sorbent of metals in the aquatic environment due to its ubiquity, large surface area and reactive surface properties (Michel et al. 2007; Stumm & James 1996) . Therefore, it has been widely used in surface water and wastewater treatment processes (Benjamin & Sletten 1993; Dyer et al. 2004; Jang et al. 2006) , and has proved capable of removing inorganic contaminants such as Cd 2 þ , Cu 2 þ , Pb 2 þ , Zn 2 þ , As(III) and As(V) from polluted water.
Organic ligands, such as humic acids can either enhance or decrease metal ion sorption onto mineral particles (Xue & Sigg 1999) . As effects of simple organic acids on cation adsorption by iron oxides can be qualitatively similar to the effects of humic acids (Ali & Dzombak 1996a ), research has investigated simple organic ligands with the same functional groups as humic substances, such as phthalic acid, chelidamic acid and other aromatic organic acids (Ali & Dzombak 1996a; Ali & Dzombak 1996b; Evanko & Dzombak 1999; Filius et al. 1997; Hanna 2007) , by using surface complexation modeling. However, only limited sorption data are available for ternary systems with metal ions, organic ligands and an iron oxide. Cd 2 þ sorption onto ferrihydrite in the presence of phthalic acid has not been previously reported.
The objective of this work is to investigate the effect of phthalic acid, a simple organic ligand, on Cd 2 þ sorption onto ferrihydrite under a pH range between 4.0 and 8.5, and describe cadmium sorption behaviour in a ternary system based on the Diffuse Layer Model (DLM) and further elaborate the effects of organic ligands on metal ion sorption by mineral oxides in aquatic systems. doi: 10.2166/wst.2008.578 
MATERIALS AND METHODS

Reagents
Phthalic acid (ACS reagent, $99.5%, Sigma Aldrich), MilliQ 18MV water, cadmium nitrate standard solution for atomic absorption spectrophotometry (AAS), reagent grade NaNO 3 , NaOH, HNO 3 , Fe(NO 3 ) 3 ·9H 2 O were used in preparing the ferrihydrite, sorption experiments and dissolved cadmium analysis. HPLC grade methanol was used in analyzing dissolved phthalic acid.
Synthesis, characterization of ferrihydrite and sorption experiments
Based on the method described in Schwertman & Cornell (1991) , ferrihydrite was synthesized by adding NaOH solution to Fe(NO 3 ) 3 ·9H 2 O solution while stirring vigorously until pH was raised to 7.0 , 8.0 with nitrogen purging of headspace. Ferrihydrite structure was confirmed by X-ray diffraction (XRD) of the freeze dried sample. Two broad peaks characteristic of 2-line ferrihydrite were shown on XRD pattern. The specific surface area of freeze dried ferrihydrite was determined using N 2 /BET method to be 206m 2 ·g 21 .
The ferrihydrite suspension was aged overnight and the ionic strength was adjusted to 0.01M with NaNO 3 . Ferrihydrite suspension (30mL) was added to 50 mL polyethylene centrifuge tubes while the headspace was flushed continuously with nitrogen. For sorption in binary systems, phthalic acid and Cd 2 þ were added to ferrihydrite suspension as required concentrations. For Cd 2 þ sorption in the presence of phthalic acid, similar experiments were conducted except that Cd 2 þ was added immediately after the addition of phthalic acid to the ferrihydrite suspension. Nitric acid (0.1M, 0.01M) and NaOH (0.1M, 0.01M) were then added to each batch of samples to yield a range of pH values. The capped tubes were then equilibrated for 24 , 36 hours on an end-over-end mixer. The pH value of each sample was again measured before it was centrifuged and the supernatant was filtered through 0.2 mm filter. A portion of this sample (about 10mL) was acidified with HNO 3 to pH # 2 for the analysis of cadmium and another aliquot which had not been acidified was retained for phthalic acid analysis.
Sorbed concentrations of cadmium and phthalic acid were calculated as the difference between the total and soluble concentrations, respectively. 
Modeling of sorption data
The sorption data were modeled using the DLM. The equilibrium constants were optimized with FITEQL4.0 (Herbelin & Westall 1999) , in which the difference between the calculated sum of squares of all aqueous cation or anion species and the measured total dissolved concentration was minimized. The weighted sum of squares of residues divided by the degrees of freedom (WSOS/DF) was used as an indicator of goodness of fit -WSOS/DF values of between 0.1 and 20 are generally accepted as reasonably good fits. As recommended by Dzombak & Morel (1990) , a surface area of ferrihydrite of 600 m 2 g 21 , and two types of surface sites were used to model the sorption of cations onto ferrihydrite and one type sites were necessary to model phthalic acid sorption. Equilibrium expressions for surface complexation reactions are given in Table 1 Acid-base equilibria (Dzombak & Morel, 1990) ; surface potential, ; Fe s and ; Fe w are "strong" type one (high affinity) and "weak" type two (low affinity) sorption sites on ferrihydrite, respectively. Equilibrium constants were taken from the Visual MINTEQ version 2.51 database (Gustafsson 2006) . The constants for cadmium sorption by ferrihydrite were derived from experimental data and compared with the values given by Dzombak & Morel (1990) . The Cd-phthalic acid-ferrihydrite ternary system was then investigated using the sorption constants determined from binary systems.
RESULTS AND DISCUSSION
Modeling Cd 2 1 sorption onto ferrihydrite may not accurately reflect site heterogeneity for Cd 2 þ sorption, evidence for which was previously reported (Swedlund et al. 2003) . In this work use of constants from Dzombak & Morel, 1990 overestimated Cd 2 þ sorption onto ferrihydrite when the Cd (T)/ Fe ratio is 1.7 £ 10 23 , but underestimated for the data with the Cd (T)/ Fe ratio of 2.5 £ 10 22 . The ratios of Cd (T)/ Fe in Dzombak & Morel, 1990 varied from 2 £ 10 26 to 5 £ 10 23 , and the Cd 2 þ concentration from 1 £ 10 28 to 2 £ 10 26 M. As the ratios of Cd (T)/ Fe and Cd 2 þ concentrations are different in our work, those logK INT values do not sufficiently describe conditions in this work. The structure of Cd 2 þ sorption onto goethite was investigated (Boily et al. 2005 ) and only bidendate surface complex was found to form on the surface of goethite. However, the ferrihydrite structure is more complex than that of goethite (Michel et al. 2007) . Hence, instead of the values given by Dzombak & Morel, 1990 , the optimized constants derived from this work were used in modeling cadmium sorption by ferrihydrite in the presence of phthalic acid. To more accurately describe Cd 2 þ sorption by ferrihydrite over a wide range of pH, Cd 2 þ concentration, and Cd (T)/ Fe ratio, further research work involving spectroscopic investigations will be needed.
Modeling of phthalic acid sorption by ferrihydrite
One type (weak type) of sites is generally sufficient to describe anion sorption onto ferrihydrite using various surface species depending on degrees of protonation in the DLM. Considering phthalic acid as a diprotic weak acid and the degrees of its protonation over an investigated pH range Table 3 ).
These results differ from previous work on phthalic acid sorption to goethite (Ali & Dzombak 1996a; Ali & Dzombak, 1996b; Evanko & Dzombak 1999) , where two As there is an inconsistency among the previous research work on phthalic acid sorption by mineral oxides, it is difficult to cite a universal mechanism for phthalic acid sorption at the mineral oxide/water interface, possibly because the sorption process can be different under different conditions (such as ionic strength, pH, sorbate/sorbent ratio, crystal structure of sorbent). While much work has been conducted with crystalline oxides, little has been done on organic ligands sorption onto nanocrystalline ferrihydrite, and phthalic acid sorption onto ferrihydrite has not been previously reported. To explain the sorption mechanism, further work using spectroscopic techniques such as IR is needed. Using the sorption constants derived from binary systems, Cd 2 þ sorption was generally underestimated by the model when only sorption constants derived from binary systems were employed (Figure 3) . Therefore, in ternary systems interactions between Cd 2 þ and phthalic acid on ferrihydrite have to be taken into account to describe the sorption process with both Cd 2 þ and phthalic acid. In previous work, Cu 2 þ sorption by goethite in the presence of phthalic acid was successfully modeled by only using one ternary surface complex ; FeOHCuL 0 p on type 2 site (Ali & Dzombak (1996a) ). The experimental conditions from their work meant that only one site was necessary to describe all adsorption data. In this work, adding one ternary complex Table 5 .
By adding the ternary complex equations and optimized parameters, the effects of phthalic acid on sorption of Cd 2 þ by ferrihydrite can be well reproduced (Figure 4 ).
It should be noted that though some organic ligands can enhance cation sorption onto iron oxides, higher concentrations of the ligands do not always significantly enhance cation sorption as cation-organic ligand complexes formed in solution may interact with cations to keep them in the solution. As is shown in Figure 4 , with Cd (T) /Fe ratio of 2.5 £ 10 22 , Cd 2 þ sorption was promoted when L p (T) increases from 0 to 0.6 mmol·kg 21 but then suppressed as this value increased to 6 mmol·kg 21 . This can be explained by the formation of the Cd-phthalate complex in solution, especially when the organic ligand is abundant. In a recent publication on the mechanism of phthalic acid sorption onto goethite (Boily et al. 2005) , Cd 2 þ was reported as forming only inner-sphere corner-sharing complexes with the goethite surface sites with/without the presence of phthalic acid. It has also been proposed that the mechanism for the ligand enhancement of metal sorption on ferrihydrite and goethite might be the same (Swedlund 2004; Swedlund & Webster 2001; Swedlund et al. 2003) . It is proposed that Cd 2 þ formed inner-sphere ternary complexes with phthalic acid on the ferrihydrite surface.
Although, recent research has provided some insight to understanding the sorption of cation and anion onto iron oxide, the more complex nature of ferrihydrite structure demands further research work to understand the mechanism of sorption processes occurring at the ferrihydrite/ water interface.
CONCLUSION
Sorption of phthalic acid onto ferrihydrite over a wide pH range and sorbate/sorbent ratio was well described by the DLM using two surface species. Like most anion sorption by iron oxides, phthalic acid sorption depends strongly on pH, and the sorption of phthalic acid decreases as pH increases. Sorption constants were optimized and derived from experimental data using FITEQL4.0. It was concluded that phthalic acid sorption by ferrihydrite can be predicted using two sorption constants log K INT 1 ð; Fe w HL 0 p Þ and log K INT 2 ð; Fe w L 2 p Þ, which are different from those previously reported for phthalic acid sorption to goethite (Ali & Dzombak 1996a; Ali & Dzombak, 1996b; Evanko & Dzombak 1999) . Cd 2 þ sorption by ferrihydrite could be well reproduced by using the DLM; however, the surface complexation constants differ from those given by Dzombak & Morel, 1990 , presumably due to the more complex site heterogeneity for Cd 2 þ sorption and the high Cd 2 þ concentration employed in this work.
The effects of phthalic acid on Cd 2 þ sorption by ferrihydrite depend on different environmental conditions such as pH, the Cd (T) /Fe and L p(T) /Fe ratios. Generally, Cd 2 þ sorption by ferrihydrite in the presence of phthalic acid was increased, more so at lower pH, due to the formation of ternary complexes on the ferrihydrite surface. a: Fixed at 0.15 when the actual value (0.17) is larger than 0.15 (Dzombak & Morel, 1990 ).
Under conditions with higher pH and L p(T) /Fe ratios, Cd 2 þ sorption by ferrihydrite was decreased because relatively more Cd 2 þ was held by excess phthalate as dissolved Cdphthalate complexes in solution. By including two ternary complexes ; Fe s OHCdL 0 p and ; Fe w OHCdL 0 p into the model with binary sorption constants for Cd-ferrihydrite and phthalic acid-ferrihydrite, the sorption of Cd 2 þ in the presence of a simple organic ligand phthalic acid was reasonably well predicted. Further research needs to be conducted to understand the properties and structure of the surface complex formed in the ternary system.
